
CODING FORMS FOR SRC I NDEXING 

Microfiche No. _.:;.:....:;...;. ___ __, 

OTS0558032 

. . . ~ . . .. . . 
• ' # .. • ' ' 

New Doc ID 

86940001770 

Old Dc,c 
ID 

. . . . . . 
' . 

Date 
Produced 

12 / 08 / 93 

Contractor 

Document Title 

Date 
Received 

BASF CORP 

08 / 08 / 94 

TSCA 
Section 

80 

DIPHENYLMETIIANE, 4,4' - DilSOCYANATE - A THREE DIMENSIONAL 

MODEL OF TilE VAPOR CONCENTRATIONS OVER AN MDI SPILL, WITH 

ATTACHMENT 

Chemical Cate 

DIPHENYLME'l'HANC:, 4,4' - DIISOCYANATE (101 - 68 - 8) 



~ODING FO~~ FOR GLOBAL INDEXING 

~crofiche No. ( 7) • J ll No. of PY..ea 1 2 
I 

Doc I . D. I 3 I Old Doc 
I.O. J ~~~{fl(j(/;7~ 4 

I 
Cise ~". < s ) I u 5 

Date Pt·o:iuced ( 6) I 6 Date Rec ' d _(6) I 7 Conf. Code • i 8 

N 
Check One : 0 Publication Ornternallv Generated CJExternallv Genera t ed 
Pub /Journal Name I 9 

' 9 

Author(s ) 1 
. 

10 

Ouan. ~ame I ll · . 
Dect/ Di. v 1 12 

P .O. Boxl 13 l Street No./Namel 14 
I 

Citv I 15 I Staul 16 
~ 17 I Countt'YI 18 

I ' I 1 
MID No . ( 7) J 19 I D & B NO. 1 WJ 20 

1 
Contractor I 21 

Doc: !vee I 22 

• • • ~D . I 

Doc !ith 1 23 

~ 
Chi.tni:&l ~•• 000 oer n&JII!alJ 2S CAS No < lO >I 24 

" . 
-
. 



SA Sf' Corporation BASF 
Certified Mail 
Retum Receipt Requested 

July 29. J9Q4 
\.0 
.1:"" 
;boo 
<= l~;:o Ci) 

~ ,.,, 
Attn: 8(d) He<1Jth amJ Safety Reporting Rule 
Document Processing Center (TS-790) 

I 
co • J <."") 

·'f""\1 

> . .. 
Rm. L-100 ::J: ·-- :I I 

('")Ci Oftice of Pollurion Preventiontnnci Toxics 
Environmental Protection Agency 
401 M St. SW 
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Dear LaJics and Gentlemen: 

Subject: Healt h and Safety Reporting Rule 
Diphenylmethane, 4,4' -diisoeyanate 
(CAS #I 0 1-68-8) 
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Enclosed is a report entitled "A Three-Dimensional Computer Model of the Vapor Concentrations 
Over an MDI Spill " and an t-•.bstract enti tled "Model fo r Predicting En vi ronmeutal Expo~urc From 
an MDI Spill." The abstract is inlcnded to be presented at the Society of Plastics Polyurethane 
Cunteren(e to be held in Boston in October, 1994. 

The report is based upon a computer model ing study developed by BASF Corporat ion to confirm 
ir 1 .stry's position on the appropriate person.tl protecti ve equi pment needed to respond to small 
dtschargcs of Diphenylmethane. 4,4' -diisocyanate ( 4,4' -MDI} (CAS # I 0 1-68-8). Hi~tori al area 
and personal monitoring intiicated that the American Conference of Governmental Industrial 
Hygienists (ACG il-1) Threshold Limit Value (TLV) and the Occupationa l Safety and Health 
Administration (OSHA) Permis ... iblc Exposure Cei ling Level (PEL-C) of 5 ppb and 20 ppb 
respectively arc not exceeded. The computer model was used to predict the location of the TL V 
and PEL concent rations around various spi lls of 4.4' -MDI. 'Worst-case conditions for a small 
spill were a.'\sUm<'d: no air movement. nL reaction with atmospheric moisture. and only 
molecular diffusion. 

The abstract conclures that 4.4 ·-MDI diffusion is slow. PEL and TLV exposure levels stay close 
to the center of the spill and uo not expand far from the edge. The model was based on a worst
case scenario f0r 4.4"' -MDI. therefore, exposure levels to polymeric MDI should b<' less. The 
report r.:oncludes that respi ratory protection is not needed. 

Although BASF is uncertain whether the report and abstract COIIStitutc an 8(d) health and safety 
study, since the model confirms monitoring data and is based on a worst case scenario for a small 
spill, BASF believes that EPA will find the material interesting and useful. 
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Environmental Protection Agency 
Washington, DC 

Submitti ng site: BASF Corporation 
8 Campus Drive 
Parsippany, NJ 07054 

Submitting Official : Carol E. Sunman 
Product Regulations Specialist 
BASF Corporation 
1609 Biddle Avenue 
Wyandotte, Ml 48! 92-3799 

No claim~ of confidentiality are made in this submission. Please contact me at (3 13) 246-5 12 1 
if there are any questions regarding the modeling stud)'. 

Sincerely, 

BASF CORPORA TJON 

Carol E. Sunman 
ProJuct Regulations Specialist 
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Ab•tract 

Product Steward• are re•ponaible for product cc:.rpliance &Dd providing related advice 
throughout a product' • lifecycle. A pr-..>bl- which ha• p <.r:plexed Product Steward.• , 
:Xndu•txial Hygieni•;,..; &Dd BIMrgenoy ne•pond.era for .any year• ha• been how to 
re!rpOnd. to a ..all d.i•charge of Diphany) .. thane ~.~· Dii•ocyanate (IID:X). The 
que•tion i•1 •houl.l full SCBA (Self Contained Breathing Apparatu•) be u•ed by 
re•pondera, or i• re•piratory protection required for thi• purpo•e? To help an.wer 
thi• que•tion, a three di ... u.t.onal cc.rputer .odel wa• develo~d to predict the vapor 
concentratioDII of KDX OTer a known di•charge. The .odel aallu.ed wor•t ca•e •canario 
of DO air -.ov ... nt, no reaction with atao•pheric -.oiature &Dd only aolecular 
dift.u•ion. The ca.puter ~•1 wa• u•e~ to predict the location of th• TLV and PEL 
concentrationa around ..-ariouw •pill• r KDX. The re•ult• of the •t.ulat~on •ugge•t 
KDX diffu•e• •lowly and remain• clo•e to the •urface of the •pill. 

Introduc~ion 

Lifecycle analysis is an integral part of a the Product Steward's 
evaluation of a product· s potential risks and hazards . Product 
related advice does not end at t he front gate, but should be given 
to the Steward's uusiness, sites, transporters, distributors, 
tellers , and customers (cradle to grave). The potential risks and 
hazards of a product are determined from a number of sources, 
including physical and chemical properties, literature searches, 
industrial and practical experiences, industrial hygiene and 
environmental monitoring. Most recently, the use of computer 
modeling has provided an excellent tool for risk evaluation. 

(f 
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A computer model was developed to answer the question of how to 
respond to discharges of MDI. The question is, should full SCBA or 
airline systems be used to clean up small spills, or is respiratory 
protection not required for this purpose? This question has been 
asked by not only Procuct Stewards, Industrial Hygienists and 
Emergency Responders, }:lut also by regulatory c::gencies and our 
customers throughout the product's lifecycle. Historical area and 
personal monitoring within 0ur plants, and at our customers (with 
the exception of spray applications), have indicated employee 
exposure to MCI does not exceed the American Confe=ence of 
Governmental Industrial Hygienist (ACGIH) TLV®-TWA of 5 ppb, nor 
the Ocl~pational Safety and Health Administration (OSHA) PEL-C of 
20 ppb ce~ ling limit. This is supported by the fact that MDI has a 
very low vapor pressure and will pnt readily vaporize. In fact, the 
salJrated vapor concentration of 4,4' MDI at 25°C is 0.013 ppm. 

,. .. ,_,. .. _ .. ... .... -~ ... 

TLV4'> TWA - This is the time-weighteJ average c0ncentration for a normal 8 - hour work 
day or 40-hour work week, to which ·1early all wo~kers may be repeatedly exposed, day 
after day, wi thout adverse effect. 

PEL- C - This is the concentration t hat should not be exceeded during any part of the 
working 6xposure. 
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Di ac ues i on 

To further clarify response to small discharges and to confirm our 
industry's position on personal protective equipment required for 
clean up, a three dimensional computer model was developed to 
predict the vapor concentrations of MDI over a known quantity of 
spilled waterial. The following conservative assumptions were made 
for the MDI spill s i mulation. 

• The temperatures of the spill and the air are the same and 
remain constant. 

• The total pressure remains constant. 
• Only trace quantities of MDI will be present in the air. 
• No air movement. 
• No chemical reactions such as MDI and water vapor. 
• Diffusion of MDI in the air remains c ons tant. 
• Air is not soluble in MDI. 
• Both MDI and air are single components. 
• The vapor pressure of Polymeric MDI is given by 4,4' MDI and 

is constant. 
• No aerosols are present, theref0re the concentration of MDI at 

the surface is given by the vapor pressure of MDI 
• The area of the spill d oes not change with tim~. 
• The spill is circular. 

Mathematical calculation~; are included in the Appendix. The spill 
size was estimated using an arbitrary liquid film thicknass of 2rnm 

1
ano the volume of the spill. 

Results 

Several simulation programs were run representing a five (5) 
gallon, fifty (50) gallon, and two hundred and fify (250) gallon 
spill for the following situations: 

(1) Locate the position o f the l!DI TLV® (0.005ppm) around the 
spill at 20°C. 

( 2) Locate the position of the MDI TLV® ( 0. 005ppm) around t he 
spill at 38°C . 

(3) Locate the position of the MDI PEL (0 . 02ppm) around the ~pill 
at 38°C. 

The vapor pressure of MDI at 20°~ results in a concentration below 
the l~I PEL; therefore this concentration cannot be ~xceeded at any 
time. 

The results of the simulation at 20°C .indicated that the TLV® 
concentration will reach about 0.8 feet above the center of the 
spill after ten (10) hours. Above the edg~ of the spill, the TLV® 
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concentrat i.on will reach a maximum of 0. 7 feet. (See Figures 
1, 41 7) • 

At 38°C, the TLV® concentration will reac.h about 3.8 feet above the 
center of the spill a nd about 3.5-3.7 feet above the edge of the 
spi 11. (See Figures 2, 5, 8, ) At this same temperature, the PEL 
concentration reaches about 2 . 2 feet above the center of the spill 
and about 1.6-1.8 feet above the edge of the spill after 10 hours. 
(See Figures 3,6,9) 

Conclusion 

The results of these simulation runs indicate that, under the 
assumptions used in the model, 

• The diffusion of MDI from the spill is rather slow, and 

• The exposure limit. concentration (TLV or PEL) stays close to 
the surface of the spill and does not expand far from the edge 
of the spill, and 

• The model used the vapor pressure for pure Diphenylmethane 
4,4' Diisocyanate as a worst case scenario, thus the expected 
exposure limit concen trations from Polymeric MDI are not 
expected to be nea~ t hese values, but less. 

It is 9ur experi ence that most spills reported (i.e. Chemtrec) are 
contained and remediated soon after discovery. Under these 
conditions, it appears unlikely that respiratory protection would 
be required to prevent excess i ve employee exposure to MDI vapnrs 
emitted frcm the spill . We would not, therefore, recommend 
respiratory protection. 

As previously noted, computer model i ng to predict the TLV® and PEL 
concentrations above a spill will aid in advising our faci-lities, 
transporters and customers in the proper handling of MDI, by 
suggesting appropriate ~ersonal protective equipment, and of the 
potential for "overexposure" to employees responding to the spill. 
This will also aid in the risk ass essment of our product as part of 
our ongoing commitment to the Responsible Care® Ini tiative. 



A-1 

APPENDIX A 

Equations Used i n computer Model 

For the evaporation of the material, the equation of continuity 
will describe the concentrations in space and time: 

where 
P; = mass density of the i-th component. 
n; = mass flux of the i-th component, 
r; = reaction rate of the i-th component and 
t =time. 

(1) 

Using the previously discussed spill assumptions together with Fick's law of diffusion, the 
equation of continuity becomes 

ax 
)I = D 'V 2 x dt AB A 

where xA = mole fraction of component A (MDO. 
DAB= Diffusivity of component A (MDI) in component B (air) and 
t =time. 

In cylindrical coordinates, with no angular dependence, V2
x A is given by 

where r is th~ rc1dial direction and z is the vertical direction. 

'fl1e equation of continuity then is 

a x"=D r1 axA 1 a
2

XA 1 ()2xA ] 
dt AB t r Cfr ""d?"' d?-

Th~ b,mndary conditions for this problem are 

X,; is zew at r = oo <W.d at z = oo, 

(2) 

(3) 

(') 
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• xA is equal to the vapor pressure divided by the totaJ pressure at r~R and z = 0, where 
R is the radius of the spill, 

• there is no flux of material into the ground (z = 0) for r>R and 
• the mole fraction must be tinite at the center of the spill. 

The last boundary condition requires that the first term on the right hand side of equation ( 4) 
have a finite value. At the center of the spill the radial flux must be zero or else there would 
be a source or sink at the centerline. Using L'HopitaJ's rule 

lim dXA/CJr. lim CJ 2 XA/CJr2
• CJ 2 XA 

r~O r · r~O 1 - ~ 
(5} 

Thus at the origin the equation of continuity becomes 

ax A_ [ a 2 XA a 2 XA] -- - DAB2 - - + - -at ar 2 az2 
(6) 

With the following change of variables, the equation of continuity ( 4) may be put into 
dimensionless form (8). This will simplify solving the problem. 

r 
11 =

R 

CJXA 1 dXA () 2XA d 2 XA 
- - = ___ .. - - t --

CJ't 11 ()11 CJ112 CJ~2 

(7a,b,c,d) 

(8) 

where xAo is the mole fraction at the surface of the spill. The boundary conditions become 

• XA = 0 at 11 = oo and at ~ = oo 

• XA = 1 for 11 :S 1 and~ = 0 
• CJM I CJrt = 0 for 11 > 1 and ~ = 0 . 

A relatively efficient method to solve equation (8) is the Peaceman-Rachford alternating direction 
implicit (ADO method [1] . This method uses central difference approximations for each of the 
partial derivatives and solves the partial differential equation in two stages. The time step is split 
in half and for the flfSt half step an intermediate solution is calculated using the partial 
derivatives in only one coordinate direction. For the second half time step, the final solution is 
calculated using the intermediate solution and the partial derivatives in tt.e other coordinate 
direction. The algebraic equations resulting from this method are easy to solve and require a 
small amount (Jf computer memory. 



A- 4 

Since the computer can only solve a finite problem, the boundary conditions at 1l = oo and ~ = oo 

pose a problem. It was decided to treat the upper horizontal and right side vertical edges of the 
simulatic~· grid as solid surfaces with no flux allowed ttL ough those edges. This allows the 
concentration at the edge to change as the interior concentration changes without imposing a zero 
concentration at the edge of the grid. The grid was made lar6e enough so that during the entire 
simulation time the concentration at the edge of the grid was not greater than 1 o< vf the 
concentration directly over the spill. 

An estimate of the diffusivity of MDI in air was made using the method of Fuller, et. al. (2]. 
This method only req11ires a knowledge of the structure of the components. For MDI-air the 
diffusion coefficient was estimated to be 0.053 cm2/sec at 20"C. 

The spill size was estimated using an arbitrary liquid film thickness of 2 mm and the volume of 
the spill. The radius of the resulting spill is about 6 feet for 5 gallons, 17.8 feet for 50 gclJons, 
and 40.3 feet for 250 gallons, respectively. 

References 

1. Peaceman, D. W., and H. H. Rachford, Jr., "The numerical solution of parabolic and 
elliptic differential equations," J. Soc. lndust. Appl. Math., 1. 28 ( 1955). 

2. Fuller, E. N., Schettler, P. D. and J. C. Giddings, Ind. Eng. Cr.em., 58, 18 (1966). 
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1. Introduction 

A simple estimate of the vapor concentration over a chemical spill can be made using the vapor 
pressure of the maten I at the given temperature. This would be the concentration at -vhich the 
air would be saturated with the material. For a small spill of a material with a low volatility. in 
a large enclosed area this concentration would probabiy not be easily reached. To make an 
estimate of how long it would take for the material to diffuse from such a spill, a 
three-dimensional computer model was developed. This model was applied to a simdated spill 
of five gallons of MDI in an enclosed space with no air movement. 

2. .Qiscussion 

For the evap0 ·ation of the material, the equation of continuity will describe the concentrations 

in space and time: 

ap 
- ' =- (V·n )+r. ac . . 

where Pi = mass density of the i-th component, 
n i = mass flux of the i-th component, 
r, = reaction r.He of the i-th component and 
t = time. 

The following assumptions were made for the MDI spil' simulation: 

• The tempcr:-~turcs of the spill and the air arc the same and remain constant 

• The total pressure remains constant 
• Only trace quantities of MDI will be p. ~sent in the air 

No air movement 
No chemical reac tions such as MDI and w:Her vapor 
Constant diffusivity of MDI in the air 
Air is not soluble in MDI 
Both MDI and air are single components 

(1) 

• The vapor pressure of MDI is given by 4,4 • -MDI and is constant 
The concentration of MDI at the surface is givr.n by the vapor pressure of MDI (no 

aerosols are present) 
The area of the spill docs not change with time 
The spill is circu lar 

With these simplifying assumptions and using Fick's law of diffusion, the equation of continuity 

becomes 

ax,.. - 2 ---D,..8"V x,.. 
dt 

where x,.. = mole fraction of component A (MDI). 
D ,..

8 
:-: Diffusivity of component A (MDI) in <:omponent B (air) and 

(2) 
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1 = time. 

In cylindrical coordinates, with no angular dependence, ~x,. is given by 

l 1 ax... a1x.A a1x.A 
V X =--+--+--

A r ar arl azl 

where r is the radial direction and z is the ventcaJ direction. 

The equation of continuity then ;s 

The boundary conditions for this problem are 

(3) 

(4~ 

• x" is zero 111 r = oo and at z = oo, 
x" is equal lO the vapor pressm(; divided by the total pressure at r~R and z = 0, ~here 
R is the radius of the spill, 
there is no flux of materi al into the ground (z = 0) for r>R and 
the mole fraction must be finite at the center o f the spill. 

The last boundary condition requires that the first term on the right hand side of equation (4) 
have a finite value. At .he center of the spill the radial flux must be zero or else there would 
be a source or sink at the centerline . Using L'Hopital' s rule 

(5) 

Thus at •he ori gin the equation of continuit y becomes 

(6) 

With the following change of variables, the equation of continuity (4) m<> y be put into 
d imensionless form (8). 11tis will simplify solving the problem. 

r 
1l =

R 

ax,. 1 ax" a 2 X,. a 2X,. _ _ : ___ + __ + _ _ 

at , an a111 a~'· 

(7a,b,c,d) 

(8) 

where x Ao is the mole fractio n at the surface o f the spill. The boundary cond;tions become 
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• XA = 0 at 11 = oo and at ~ = oo 

• M = 1 for Tl s 1 and ~ = 0 
• .1XA I at, = 0 for 11 > 1 and ~ = 0. 

A relatively efficient method to solve equation (8) is the Peaceman-Rachford alternating direction 
implicit (AD I) method [ 1 ]. This method uses central difference approximations for each of the 
partial derivatives and solves the panial differential equation in two stages. The time step is split 
in half and for the frrst half step an intermediate solution is calculated using the partial 
derivatives in only one coordinate direction. For the second half time step, the final solution is 
caJculated nsing the intermediate solution and the partial derivative~ in the other coordinate 
direction. rhe algebraic equations resulting from this method are easy to solve and require a 
small amount of computer memory. A detailed derivation is given in Appendix A. The 
computer program is listed in Appendix B. 

Since the computer can only solve a finite problem, the boundary conditions at 11 = oo and~ = oo 

pose a problem. It was decided to treat the upper horizontal and right side vertical edges of the 
simulation grid as solid surfaces with no flux allowed through those edges. This allows the 
concentration at the edge to change as the interior concentration changes without imposing a zero 
concentration at the edge of the grid. The grid was made large enough so that during the entire 
simulation time the concentration at the edge of the grid was not greater than 10"6 of the 
concentration directly over the spill. 

An estimate of the diffusivity of MDI in air was made using the method of Fuller, et. al. [2] . 
This method only requires a knowledge of the structure of the compcnents. For MDI-air the 
diffusion coefficient was estimated to be 0 .053 cm2/sec at 20°C. Detailed calculations are given 
in Appendix C. 

The spill size was estimated using an arbitrary liquid film thickness of 2 mm and the volume of 
the spill (5 gal). The radius of the resulting spi ll is abou t 6 feet. 

3. Result s 

The simulation program was run for the following situations: 

(1) Locate the position of the MDI TLY (0.005 ppm) around the spill at 20°C, 
(2) Locate the position of the MDI TLY (0.005 ppm) :uound the spill at 38°C, and 
(3) Locate the position of the MDI PEL (0.02 ppm) around the spill at 38°C. 

The vapor pressure of MDI at 20°C results in a concentration below the MDI PEL so that ti\is 
concentration cannot be exceeded at any time. 

The rest: Its of the simulation at 20"C indicate that the TL Y concentration will reach about 0.76 
feet above the conter of the spill after 10 hours. Above the edge of the spill, the TLY 
concentration will reach only about 0.4 feet (Sec Figures 1 and 2). 
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At 3SOC th(' TL V concentration will reach about 3.8 feet above the center of the spill and about 
3.3 feet above the edge of the spill. The TLV concentration extends out just beyond eight feet 
from the center of the spill after 10 hours (See Figures 3, 4, 5 and 6). At this same temperature, 
the PEL concentration reaches about 2.2 feet above the center of the spill and about 1.6 feet 
above the edge ot the spill P.fter 10 hours (See Figures 7 and 8). 

4. Conclusions 

The results of these simulation runs indicate that, under the assumptions used in the model, 

• The diffusion of MDI from the spill is rather slow, and 

The exposure limit concentration (TL V or PEL) stays close to the surface of the spill and 
does not expand far from the edge of the spill. 

This model does not include the effects of air movement over the spill. Any air currents would 
be expected to reduce the concentrations above the spill but increase the concentration downwind 
of the spill. Any air turbulence over the spill could cause the MDI to be carried higher in the 

air than p:-edicted by this model. 
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Appendix A 

Finite Oift'erence Method 

Pcaceman-Rachford (ADI) 
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Using central difference approximations, the finite difference fonns for the partial derivatives are: 

1•1 l 
X..i - X. .i 

f1't 

1 a X_ 1 X..i••- X;.i-• 
TldT\ }~T\ 2~T\ 

d 2X_ X.. .r'- 2X;,1 • X..i-1 

d T\2 ~ T\2 

where j is the radial grid point index, 
i is the vert;cal grid point index, 
k is the time step index, 
~T\ is the grid spac ing in the radial direclion (constant), 
~~ is the grid spacing in the vertical direction (constant) and 

~'t is the time step size. 

11te grid spacing in the r.tdial and vertical directions do not have to be the same. 

(A-1) 

(A-i) 

(A-3) 

(A-4) 

For the ADl method, the integration is carried out in two stages. In the first stage, an 
intermediate solution is calculated at 1/2 o f the time step for only the vertical direction. Equation 

(8) in fin ite difference form for the intermediate time step is 

• l • l l x .. j - xi., x .. ," - 2x.. j + x..j -1 = + (A-5) 
~'t ~11 2 }~11 

2 

where * is the intermedia te time step solution and k is lhc starting time step values. For the 
second stage, the fina l solution at the end of the time step is calculated using only the radial 

direc tion . The finite difference equation fc i this step is given by 

~ ·,' - ~ ~ · ~ - 2 ~·~ + ~·~ H H • 2 • • X. ., X.., X •. ,. , X. ., X•. r • X;.i., - X.. r • Xi•l., - X;.,+ XH.i 
----= + ----- + -----,---

~'( ~112 }6Tl 2~11 ~~2 
(A-6) 

2 
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Rearranging equations (A-5) and (A-6) 

-'V . ,
1 

.+2 1+- v .. - v ._
1 

· =- 1+- X·. 1 +2 --1 v . . + 1-- v . . _1 • ( 1 ) • • p [( 1 ) • ( 1 ) l ( 1 ) • ] 
"" ·I A ""·' "" ,J A 2j '·~" \ p ""·' 2j "-'·I 

(A-7) 

(A-8) 

where A = ~'t I ~T\2 and p = ~t I !:lc/. Equations (A-7) and (A-8) are solved in sequence to 

give th~ final solution at the next time step. 

At the centerline, T\ = 0 (j = 0), the finite difference fonn of Equation (6) is used as a boundary 
condition which gives the following two equations for each half time step: 

• ( 1 ) • • P r. 1 (1 2) I 1 - x.- ... o +2 1 +A X...o -x; . ~,o =-x:- L4X •. 1 +2\.P- X;.o_ 
(A-9) 

A•l ( I ) 1•1 A r. · (1 ) · • ] - 4X;.I +? 2+ P X...o = PLX..t.o+2~1. - 1 X...o+X.. -1.0 
(A- 10) 

The boundary condition at the surface of the spill. l; = 0 (i = 0), has XoJ = l for all points withir. 
the radius of the spill, T\ ~ 1 ( j ~ J; J = 11~11 ). For the rest of the ground surface, l; = 0 (i = 0) 
and T\ > 1 (j > J) the flux into the ground is zero. This results in the next equations for each half 

time step: 

(A- 11) 

( 
1 ) 1•1 2( 1 ) 1• 1 ( 1 ) A•l A f, • (1 ) • ] - 1+ 
2

j Xo.i·•+ l+p Xo., - 1- 2j Xo.i-• =p-[-XI.i+\T - 1 Xo.i 
(A- 12) 

At the edge of the finite difference grid in the radial direction, j = N, the boundary condition 
which was imposed allowed no flux through that line. 111is acts as a solid wall. In this case the 
finite d ifference equations for each half s!ep _,f the simulation are: 



(A-13) 

2 · · I i 1 ) .. 1 A. r. . ll ) . . ] 
·- M , N-1 + l..l ·-p M.N =p-LX;.I. N ·-~-1 X;, N +X.-1, N 

(A- 14) 

At the top of the grid in the vertical direction, i = M, there is no flux through that line. This 
creates a solid roof. The finite differen~e equations at that boundary for each half step are: 

At each comer of the grid special conditions exist which must be handled separately. At the 
upper right comer (j = N; i -= M) and the lower right comer (j = N; i = 0) the flu x is z.ero in both 
the radial and vertica l directions. The finite difference equations at these points are: 

(Upper Right - j :: N; i = M) 

(A- 17) 

(A- 18) 

(Lower Right - j = N; i = 0) 

(A- 19) 

(A-20) 

At the centerline (j = 0) the finite difference form of equation (6) must be used along with the 
condition that at the upper left point (j = 0; i = M) that there is no flux in both the radial and the 
vertical direc tions. The finite difference equations for this point become: 



(A-21) 

(A-22) 
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/************************* Program "SPILL" ****************************** 

This is a two sp~ce dimension dynamic simulation model of the 
concentrations aLound a circular spill. The diffusion is assumed to be 
in stagnent air from a material with very low volatility (trace component) . 

Version 1 .0 31-Qctober-1993 G. Roginski 

*******ft***********************************************************•••••***/ 

/* Include the requi red libraries */ 

finclude <s tdio.h> 
finclude <math.h> 
finclude <stdlib.h> 

I* Define program parameters */ 

I define MAXCOLS 60 
100 
100 
100 

I define MAX ROWS 
fdefine MAX WORK 
fdefine MAX 

10 fdefine MAX LIMITS 

/* Define function prototype s * / 

void f i ndL imi ts ( float x[) [MAXCOLS), int, int, int, int, 
float *1, int, float l 2[) [MAXCOLS)); 

float f minus 
float fylus 
void InitArrays 

( int ) ; 
( int ); 
(float x()[ MAXCOLS ), float xl[)[MAXCOLS ). 

:i.nt, int, int ) ; 

float 
void 
void 
void 

void 

void 
void 
float 
void 

Interpo l ate ( float, float, float, float, float); 
PrintArray ( floatx[)[MAXCOLS), int, int, lnt, int ); 
PrintLimits (FILE *fp, float, float x[)[MAXCOLS), int, int); 
SetColumnArrays ( float *s , float *d, float •u, float *r, 

int, int, int, int, int, 
float, float , float, float x[) [MAXCOLS) ) ; 

SetRowArrays ( float • s , float *d, float "u, float •r, 
int , int, int, int, int, 

StoreColumn 
StoreRow 
Table LookUp 
Tridiag 

float , f loat, float , fl oat x[) [t'\AXCOLS) ) ; 
( float *s, float x() [MAXCOLS), i.n t , i nt, int ) ; 
(float *s , floatx[)lMAXCOLS), i nt, int, int ); 
( float, fl oat x() (MAXCOLS), int, int, int); 
( float • s , float *d , float •u, float •r, float • sol, 

int, int. ) ; 

main() 
I float x[MAXROWS) [MAXCOLS), x s tar[MAXROWS) [MAXCOLS); 

int ncols, nrows, nspill, nspilll; 
int nlimits; 
fl oat limits[MAXLI MlTS), limit_pos itions[MAXLIMITS)(MAXCOLS ); 
float d xi, d eta, d tau , r, Dab, r convert, z convert; 
float tau, tau e nd, t convert, t a ctual; -
i n t prinl_ interval, - n_prin t; -
int n, m, first, last; 
i nt i, j, k; 
float d lambda_plus, d lamboa minus, d_ rho_plus, d_ rho_ n.inus, 

rati o, lambda, r ho7 -
float sub[MAXWORK), ~~ag[MAXWORK), super(MAXWORK), rhs(MAXWORK), 

solution[MAXWORK}; 
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FILE *fp_in, *fp_out; 

/* Read the input data */ 
/* 

Input variables have the following meanings ... 
d xi the increment in the "z" direction (dimensionless) (xi ~ z/R) 
d-eta the increment in the "r" direction (dimensionless) (eta ~ r/R) 
d-tau the time increment (dimensionless) ( tau • Dab*t/R"2) 
tau_end the ending time (dimensionless) 
r the radius of the spill (R) (feec) 
Dab the diffusivity of A in B (ft"2/min) 
print_interval 

the print interval, i.e., the number of steps between printouts 
ncols the number of columns in the simulation grid 
nrows the number of rows in thhe simulation grid 
nlimits the number. of exposure limit positions to be found by interpolation 
limit ~ the exposure limits (one for each nlimits) as a fraction of the 

*I 
vapor pressure 

if( (f p in~ fopen("a:spill.dat","r"ll ... NULL 
( -
printf (" \nCannot open the input file."); 
exit(EXIT_ FAILvRE); 
I 

fscanf (fp_in, "\ f \f \f \f \f \f \i \i \i", &d_ xi, &d_ eta, &d_ tau , 
&tau end, &r, &Dab, &print interval, &nco l s , &nro ws ); 

fs c a nf(fp in,"\i", &nlimitsl; -
for ( i•07 i<nlimits; i++ ) fscanf (fp_ in, "\(", i..imits+i); 

fclose (fp_ in); 

/* Create an output file to hold the exposure limit s pos itio ns *I 

if ( (fp out ., fopen( " limits.out","w")) ... NULL 
( -
printf("\nCannot open the output file. " ); 
exit(EXIT_ fAILURE); 
I 

/* Print the input data *I 

*I 

/* 

printf("\ninput Data\n\n"); 
printf (" d _ xi• \f\n", d_xi); 
p rintf("d_.eta .. \f\n",d_eta); 
printf ("d_ tau .. \f\n" ,d_tau); 
p rintf ( " tau_ end., \f\n", tau_end); 
printf("r • \f\n", r); 
printf("Dab • \f\n", Dab); 
printf("print_interval - \i\n", print_ interval); 
printf("ncols, nrows • \i \i\n",ncols,nrows); 
printf("nlimits "' \i\n",nlimits); 
printf("limits • "); 
for ( i • O; i<nli.mits ;i++) printf("\f ", limits(i)); 

nspill (int) (1. Old_ eta + 0. S) ; I* Index to the last -
n -ncols-1; /* Index to the last point in a row *I 

m nro ws - 1; /* Index to the last point in a co lumn 

'l'he simulatio n grid in the eta ( r) and x i (z) plane is 

m + + + . + + 

point inside 

•! 

as follows: 

of the spill 
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"' m-1 + + + + + 

I 
xi 

(%) 
2 
1 
0 

+ 
+ 
+ 
0 

+ + 
+ + 
+ + 
1 2 

+ + + + 
+ + + + 
+ + + + 

nspill nspill+1 n-1 n 
eta (r) -> 

*I 
I* Calculate the simula tion parameters */ 

/* 

*I 

lambda 
rho 
ratio 

d tau/(d xi*d xi); 
- d-tau/(d-eta•d eta); 
- rho/lambda; -

d lambda_plus 
d-lambda minus 
d=rho_plus 
d _rho_ minu s 

= 2.0*(1.0/lambda + 1.0); 
• 2.0*(1.0/1ambda - 1.0); 
• 2.0 * (1.0/rho + 1.0); 
.. 2. 0 • ( 1 . 0/ rho - 1 . 0 l ; 

r convert ~ d eta • r; 
z convert .. d- xi * r; 
t _convert .. r* r I Dab; 

/* Conversion from d eta to "r" in feet */ 
/* Conversion from d- xi to "z" in feet •/ 
/* Conversion from tau to "t" in sec */ 

printf("\n\nCalculated Pc1rameters\n\n"); 
printf("lambdaa %f\n",lambda ) ; 
printf( " rho" \f\n", rho); 
printf("ratio• \f\n", ratio); 
printf ( " d _ lambda_plus• \f\n'', d_lambda_plus); 
p~· intt ("d_ lambda_min us .. \f\n", d_lambda_minus); 
printf ( " d_rho_plus .. H\n" , d _ r:ho_plus); 
printf ("d_ rho_ minus • \f\n\n ", d_ r:ho_minus); 

printf("r_convert .. \f t d eta (=} feet\n" , 
prin tf("z_conver:t .. \f * d - xi [ c ) feet\n" , 
printf( " t _convert • \f • tau ( - J min\n", 

tau 0. 0; 
n_print 0; 

t actual 0. 0; -

r convert); 
z-convert); 
t =convert); 

Initialize the data arrays " x" is the mole fraction at a grid point 
"x star" is an intermediate value 

InitArrays ( x, x_ star: , m, n, nspill ) ; 

printf("\n\ntau .. \f 
PrintArray( x, 0, m, 0, 

t • \(\n",tau,t actual); 
n ) ; -

/* Perform t h e simulation 
The numerical is the Alte r nating Direction lmpUcit (ADI) method of 

*I 
Peaceman and Ra c hford 

while( tau < tau end 
I 
/ * First calculate an intermediate solution for each column */ 

for ( j • 0; j<•r•; j++ 
I 
if ( j<anspill 

I 



fir~t • l; 
la~t .. m; 

l 
else 

{ 
first • 0; 
last • m; 
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I SetColumnArrays{sub,diag,super,rh~,j,n,nspill , 
first, last, 
d_lambda_plus , d_rho_ minus,ratio,x); 

Tridiag{sub,diag,super,rhs,solution,first,last); 
StoreColumn(solution,x_star ,j,first , last); 

l 

/* Next calculate the final solution based on the rows */ 

for: ( i .. 0; i<•m; i++) 
{ 
if < 1--o > 

{ 
first • nspill + 1; 
last • n; 
I 

else 
{ 
first "' 0; 
last = n; 

I 
SetRowArray s (sub,diag, super,rhs , i ,m, nspill+l, 

first, last , 
d rho_plus,d lambda minus,l.O /ratio,x star); 

Tridiag(sub,diag,super ,rhs ,so lution,first,last); 
Sto reRo w (solution,x:i,fi rst ,last l; 
I 

/* Increment the i me a nd print counters * / 

t a u 
n_print 

+• d tau ; 
+• 1; 

/* Print out the results •/ 

if{ n_print • c print interval 
{ 
n_print • 0; 
t dCtual • ta u • t co~vert; 
printf {"tau"' \f t = \f\n", tau , t _actuall; 
PrintArray ( x, 0, m, 0, n ) ; 
FindLimit~l x, 0, m, 0, n, limits, nlimlts, limit_positions ); 
PrintLimits (fp_out,tau,limit_positions, n limits,nJ; 

l 

l 
fclose(fp_ outl; 
return ; 

!••••••••••••••••••••••••• Functions ••••••••••••••••••••••••••••••••••••/ 

void FindLimits { float x(MAXROWS](MAXCOLS], int first row, i n t last r ow , 
int fir~t col, int la~t col, float limits(HAXL!N:i: 1':,), -
in t nlimits, float limit_po~ition~(MAXLIHITS) (HAXCOLS ) ) 

{ /* "outine to locate the position of t he exposure limits in each column 
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of the simulation. 

Version 1.0 31-Dctober-1993 G. Roginski 

Variables have 
X 
first row 
last row 
first col 
la:>t col 
limits 

the following meanings ... 
an array containing the solution 
the index number for t he first row to be used in the search 
the index number for the last row to be u sed in the search 
the index number for the first columun to be used 
the index r.umber for the last column to be used 
an array containing th~ values of the exposure limits to be 

found 
n limits the number of "limits" to be found 
limit_positions 

an array containing the locations of each of the "limits" 
in each column of "x" 

int i , j; 

for ( j•first col; j<=last_col; j++ ) 
( -
for ( i=O; i<nlimits; i++ ) 

( 
limit_positions(i] (j) a TableLookUp(limits[i),x,j,first_row, last_row); 

l 

retu r n; 

float f _minus( int j ) 
( 

return( 1.0- l. 0/((float)(2*j}) ); 

float f_plus( int j ) 
( 

return( 1.0 + 1.0/((float)(2*j)) ); 

void InitArrays( float a[MAXROWS] [MAXCOLS), float b[MAXROWS) (MAXCOLS), 
int m, int n, int nl ) 

( 
I* Routine to initiali~e the main and intermediate arrays. 

*I 

Version 1.0 31-0ctobe~-1993 G. Roginski 

Var iables have the following meanings ... 
a , b the arrays to be initiali~ed 
m the index number of the last r ow in "a" and "b" 
n the index number of the last column in " a" and " b" 
nl the index number of the last column in the spill region 

int i , j; 

I* I n itialize the arrays *I 

for ( i-0; i<-m; i++ ) 
( 
for ( j •O; j <•n; j++ 

( 
a ( i)(jl • 0.0; 



b[ i ) [j) - 0 .0; 
) 
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/* Initiali~e the spill region */ 

for ( j•O; j<•n1; j++ ) 
( 
a[O) [ jJ • 1.0; 
b [ OJ [j) • 1.0; 
I 

ret: urn; 

float Interpolate ( float x, float x1, float x2, float yl, float y2 ) 

{ /* Function to i nterpolate betwee n two values . This function returns the 
result of the interpolation. 

Version 1.0 31-0ctober-1993 G. Roginski 

Variables have t he following meanings .. . 
x the value for which the "y" value i s to be found by i nterpolation 
xl,x2 the given "x" values 
yl,y2 the given "y" values 

-+ (x2, y2) 

+ (x1, yl) 
*I return ( y l + (y2- y 1l/ (x2- xll * (x - xll ); 

void PrintArray ( float x[MAXROWS ] [MAXCOLS], int first row, int last row, 
lnt first _col , int Tast_col l -

( 
/* Routine to print an array. (8 columns per lineJ 

*I 

Version 1.0 31-0ctober- 1993 G. Roginski 

Variables have 
X 
first row 
1st row 

f.h.·.Jt col 
la~t_co l 

the following meanings ... 
the array to be printed 
the index to the first r o w of "x" to be printed 
the index to the last row o f "x" to be printed 
the index to the first column of " x" to be printed 
the index to the last column of "x" to be printed 

int i , j, k, 11, 12, nblocks; 

nblocks • (last_col- first_col)/8 + 1; 

for ( k•l; k<, nblocks; k++l 
( 
printf("\n "); 

11 -
1 2 -
for( 
fo r ( 

\k-1)*8 + first col; 
((k*S+first col=1) >•last col) ? last col 
j•l1; j <•l2T j++) printfl"\Sd 
i•first row; i<ulast row; i++) 

"t j); 

( - -

k*8+first_co1-1; 

prinLf("\n\3d ",i); 
for ( j•ll; j<•l2; jHl printf("\8.5f ", x[i) (j)) ; 



) 
printf("\n\n"); 
return; 
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void PrintLimits ( FILE *fp, float t, float li:nit_positions(MAXLIMITS] (MAXCOLS), 
int nlimits, int n ) 

( 
I* ~outine to write the exposure limit limit postions to a file. 

*I 

Version 1.0 31-0ctober-1993 G. Roginski 

Variabl~s have the following meanings . .. 
fp FILE pointer to the output stream 
t the time of the printout 
limit_po8itions 

an array containing the locations of the exposure limits 
nlimits the number of limits to be printed 
n an index to the last column in " UmJ t_positions" to be printed 

Each line of the pr intout begins with the time "t" followed by the position 
of the limit in each column. 

int i,j; 

for (i- 0; i<nlimits; i++l 
{ 
fprintf(fp,"\f ", t l; 
for ( j•O; j<=n; j++) 

{ 
fprintf(fp,"\f ", limit_positions(i][j)); 
) 

fprintf(fp,"\n"); 
I 

return; 

void SetColumnArrays ( float :;ulJ[ :1AXWORK], float diag [MAXWORK], 
float super[ MAXWORK] , float rhs[MAXWORK), 
int j , int n, int nspil l , int first, int last , 
float a, float b, float ratio, 
float x[MAXROWS) [MAXCOLS) l 

( 
/* Routine to calculate and store the values for the co lumn arrays to be 

u sed in the first stage of the simulation. 

version 1.0 31-0ctober-1993 G. Rog~~ski 

Variables 
sub 
diag 
super 
rhs 
j 
nspill 
n 
first 
last 

have t he following meanings ... 
an array containing the subdiagonal matrix elements (output) 
an array containing the diagonal matrix elements (output) 
an array containing the superdiagonal matri>: elements (output) 
an a~ray containing the right hand side of the matrix (output) 
the inde x of the column to be used (input) 
t.he index of the last column inside of the spill ( i nput) 
the index of the last column in t he simulation (inputi 

a 
b 

t !1e index of the first · row in the column to be included (input) 
the index of the last row in the column to be included (input) 
the value of the diagonal element in the matrix (input) 
the value of the diagonal element used in Lhe calculation of 

the right hand side vector (input) 
the ratio of rho/lambda (input ) ratio 

X 
an array containing the conce ntration ~3t a (input) 



*I 
int i; 

for ( i•first; i<•last; i++ ) 
( 
diag(i) - a; 
sub(i) • -1. 0; 
super(i) • -1.0; 
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if < j--o > 
( 
rhs(i)- ratio*(4.0*x(i)(1) + (b- 2.0)*x(i)(Oj); 
if( i•=first) rhs(i) +• x(O)(O); 
) 

if( j>O && j<n) 
{ 
rhs(i) ~ ratio*(f_plus(j)*x(i) [j+l) + b*x(i) (j) + 

f minus(j)*x(i)(j-1) ); 
if( j<=n~pill-&& i~~first) rhs(i) += x(O) (j); 
} 

if ( j•• n 
{ 
rhs(i) 
) 

if ( j<~nspill ) 
if ( j>n.<;~pill } 

{ 
super( first) 
sub[last) 
) 

return; 

ratio*(2.0*x(i) (n-1) + b*x(i) (n)l; 

sub [lastl =-2.0 ; 

-2. 0; 
.. -2.0; 

void SetRowArray s ( float sub[MAXWORK), float dias(MAXWORK), 
float super( MAXWORK), float rhs[MAXWORK), 
int i, int m, int nspilll, int first, int last, 
fl oat a, float b, float ratio, 
float x[MAXROWS) [MAXCOLS) l 

{ /* Routine to calculate and store the va lues for the row ar rays to be 
used in the second stage of the simulation. 

* I 

Version 1 .0 31-0ctober-1993 G. Roginski 

Variables 
sub 
diag 
super 
rhs 
i 
m 
nspilll 
first 
last 

have the following me anings . .. 
an array contain ing the subdiagonal matrix elements (output) 
an array containing the diagonal r.tatrix elements (output) 
an array containing the sup<'rdiagonal matrix elements (output) 
an array containing the right n.::nd side of the matrix (output} 
t h e index of the row to be u sed (input} 
the index of the last row i n the simulation (input) 
the index of t he. first column outside of the spill (input) 
the index of the first column in the row to be included (input ) 
the index of the last column in the row to be included (input) 
the value of the diagonal e l ement in the matrix (input) a 

b 
the value of the diagonal e l ement used in the calculation of 

the right hand side vector (input) 
the ratio of lamda/rho (input ) rati."> 

X 

int j: 

an array containing the conce ntration data ( i nput) 



for ( j-f i rst; j<•last; j+-' ) 
( 
diag [ j J ., a ; 
if ( j ... 0 ) 

else 

( 
diag(j) +• 2.0; 
I 

( 
sub(j) • -f minus ( j ); 
super (j) • -t:Flus(j), 
I 
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if < 1--o > 
( 
rhs(j) - ratio• (2.0*x(l) (j) + b*x[O) [j)); 
if.( j ==n s p:1.lll r h !> [j] +• f _ minus(j)*x[O)( j-1] ; 

I 

if( i>• l && i<m) 
( 
rhs(j) .. ratio"' (x( i+1][j ) + b*x( i ][ j) + x(i-l ](j) ); 

I 

if ( i -= rn) 
( 
rhs[j) • ratio• (2.0 • >· [rn-l) (j) t b •x (mJ (j) ); 

I 

if( i • "'O l s ub(last) •-2. 0 ; 
if ( i>=l ) 

( 
s uper( first ) • - 4. 0; 
s ub(lastl .. -2 . 0; 
I 

r.:!turn ; 

voic. StoreColurnn( float solut. i on[ MAXWORK) , float x s tar( MAXROWS ) [1'1/\XCOLS J, 
int ) , in t first , i nt last ) -

{ 
/* Routine to store the result s of the colunm decomposi Lio n i n t he 

corresponding column c( the r esults array. 

*I 

Version 1.0 31-0ctober-1993 G. Rogins ki 

Variables ha ve t he following meanings ... 
so lutio n a n arra y containing the sol uLio n of t he equatio n s 

x_star 

j 
fir .>t 
last 

for a singl e column in the gr id (input ) 
a n array conta ining the intermediate values f or e ach 

colun~ ( input/output ) 
an inde x Lo t he co lumn to be s to red (input ) 
an index Lo the first lccat i o n to be stored ( input) 
an inde x Lo the l ast location to be stor e d (input ) 

for ( i •Cirst; i<•last; i1+ ) 
{ 
x star[i) (j) • solution (i); ,-

return; 
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void StoreRow ( float solution (MAXWORK), float x(MAXROWS) (MAXCOLS), 
int i, int fir~t, int last ) 

I 
/* Routine to ~tore the results of the column decomposition in the 

corresponding column of the results array. 

Version 1.0 31-0ctober-1993 

Variables have the following meanings ... 
solution an array con-=.aining the solution of the equations 

for a single row in the grid (input) 
an array containing the final values for each 

X 

i 
fl.rSt 
lC\St 

int j; 

row (input/output) 
an index to the 
an index to the 
an index to the 

for ( j • first ; j <=l as t; j++ 
I 
x( i l (jl "' so lution [ )); 
I 

re t urn; 

row to be stored (input) 
first loca tion to be stored (input) 
last location to be stored (input) 

float Table LooktJp( f l oat value , tloa t x[MAXROWS) [MAXCOLS), int co lumn, 
i n t fi r st_ row, in t las t _ row ) 

I 1• Routine to in terpola t e i n a column o f ".~t" to find the locat i on of "value" . 
The values i n the columns o f "x" dre as s umed to be in dcce nd ing o rde r. 
If the value i s greate r than the fi~st row value to be c hecke d t he n the 
first row value i s re turn~d. If the value is less than the la s t row value 
to be checked th a n t he r e turne d va l ue is an extrapolation. 

Version 1 . 0 3 1- 0ct o be r - 1993 G. Roginski 

Variables have the following meanings . .. 
value the va lue t o be located in "x" 

an a rra y whe r e va lue i s t o be found X 

co lumn 
first ro~~ 

la s t _ row 

int i.; 

the column of "x" Lo be u sed in t he sea rch 
t he f irsL r o w of "x" to be use d i n the s earc h 
the l a s L row ot: " x" t o be u sed in the s e arc h 

if(value>x(firs t row)( co lumn) ) retu rn ( x(f5rst_ row)( c olumn ) ) ; 
f o r (i • fi rs t r o w+ l; i<n la st row; i++ ) 

I - -
if(value>x[i) (column)) r e tu r n( In t e r polate( value, x(i - 11 [co lumn), 

x(i) (c olumn). 
(float) (i- ll, (float) i l ) ; 

r e t urn( Inte r po l a t e ( value , x( l ast r o w- 1) (c olumn), xilas t r o w) ( co lumn), 
( f l oa t) (la s t _ ro w- 1), (flo a t ) ! ast_ r o w) - ); 

void Tridiag ( ! l o a t s ub[MAX I, Cloa t diag (MAX), flo at supe r [MAX), 
float rhs[MAX), fl o at solution(MJ\X), int first, int last) 

/* This is a r outine f or solving a s ystem of linear simultaneo us e quatio ns 
h a v i ng a tridiagonal c oefic ien t matrix. 

v ersio n 1. 0 31 - 0 c t ob e r - 1993 G. Roginski 
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(Based on subroutine TRIDAG in Carnahan, B., Luther, H.A. and 
Wilkes, J., "Applied Numerical Methods," pg. 446 .) 

Variables have the following meanings ... 

sut 
diag 
super 
rhs 
solution 
first 
last 

an a rray containing the subdiagonal coefficients (input) 
an array containing the diagonal coefficients (input) 
an array containing the superdiagonal coefficients (input) 
an array containing the right hand side vector (input) 
an array containing the solution (output) 
the index of the first equation ( input ) 
the index of the last equation (input) 

The matrix is set up as follows: 

diag[firstl 
sub[first+ll 

super(first) 
diag ( first+l J super ( first+l) 

- rhs[firstl 
.. rhs[first+l) 

sub(last-1) diag(last-11 super[last - 1) • rhs[last-1) 
sub[lastl diag(lastl • rhs[lastl 

float beta(MAXWORK), gamma[ MAXWORK); 
inL i; 

/" Compute the intermediate working arrays "beta " and "gamma " •/ 

beta[first] .. diag (first); 
gamma(first) • rhs[first )/beLa[first); 

Cor ( i • fir s t+l ; i< .. last ; i++) 
( 
beta(i) = diag[i l - s ub[i)* super ( i-1)/bcta (i - 1); 
gamma[i) • (rhs[i) - sub{i)•gamma[i-1 ))/beta [i); 
) 

/" Backs ubstitute Cor the :.s o lu tion •/ 

solution{lasL) • gamma[la st ); 

for ( i • la-;t-1 : i> =first ; i -- ) 
( 
solution(i) • gammf\[i) - supe r{i)• solution[i+1)/beta(i); 

I 

return; 



Appendix C 

Estimate of the MDI-Ai1 Diffusion Coefficient 



C-2 
.. . Estimate of the Diffusivity v! iw1DI in Air 

The equation of Fuller, Schettler and Giddings is used. 

0 .00143·T1.7:5 
0 AB := 

1 ( 1 1 )2 ° 
P· M AB 2. v A 3 + v B 3 

Where DAB is the diffusion coefficient of A in B ( cm2hec] 

T is the absolute temperature (K) 
MAB is the weighted molecular weight between A and B 

v A• va are the volumes of the molecules 

Pis the pressure [bar] 

To calculate the molecular volume of MDI requires the volume increments for the parts of t 

molecule. The diffusion volume increments are: 

v c := 15.9 Carbon 

v H := 2.3! Hydrogen 

v 0 := 6.11 Oxygen 

v N := 4.54 Nitrogen 

v ring := - 18.3 Ring correction 

MDI consists of 15 carbons, 2 oxygens, 10 hydrogens, 2 nitrogcns and 2 aromatic rings. 

v MDI := 15·v C + 2·v O + lO·v H + 2·v N + 2·v ring 

For MDI: 

v MDI = 246.3 

MW MDI := 250.25 

For Air (from Reid & Sherwood): 

v Air := 19.7 

MW Air := 28.966 

The combined molecular weight is calculated as: 

MMDI Air := 2·[( l ) + ( l )]-I 
- MW MDI MW Air 



The desired conditions are: 

Pressure= 1 bar 

p := 1 

Temperature=200C 

T := 20 + 273.l<K 

C-3 

0.00143·Tt.
75 

D MDI_Air .- ---· 
1 ( 1 1 )2 - - -
2 3 3 

P·M MDl_Air . v MDI + v Air 

D MDI_Air = 0.051 cm2/sec 
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